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PREFACE

The Public Interest Energy Research (PIER) Program supports public interest energy research and
development that will help improve the quality of life in California by bringing environmentally safe,
affordable, and reliable energy services and products to the marketplace.

This document is one of 33 technical attachments to the final report of a larger research effort called
Integrated Energy Systems: Productivity and Building Science Program (Program) as part of the
PIER Program funded by the California Energy Commission (Commission) and managed by the New
Buildings Institute.

As the name suggests, it is not individual building components, equipment, or materials that optimize

energy efficiency. Instead, energy efficiency is improved through the integrated design, construction,

and operation of building systems. The Integrated Energy Systems: Productivity and Building Science
Program research addressed six areas:

«  Productivity and Interior Environments

+ Integrated Design of Large Commercial HVAC Systems

+ Integrated Design of Small Commercial HVAC Systems

« Integrated Design of Commercial Building Ceiling Systems

+ Integrated Design of Residential Ducting & Air Flow Systems

+ Outdoor Lighting Baseline Assessment

The Program’s final report (Commission publication #P500-03-082) and its attachments are intended
to provide a complete record of the objectives, methods, findings and accomplishments of the
Integrated Energy Systems: Productivity and Building Science Program. The final report and
attachments are highly applicable to architects, designers, contractors, building owners and operators,
manufacturers, researchers, and the energy efficiency community.

This attachment, “Skylight Photometric and Thermal Reports” (Attachment A-27), provides
supplemental information to the program’s final report within the Integrated Design of Commercial
Building Ceiling Systems research area. It includes the following reports:

1. Construction and Calibration of Skylight Photometric Test Facility. Describes the method
and equipment used to measure the photometric properties of skylights and their light wells in the
same format used to characterize electric lighting luminaires.

2. Photometric Testing Lessons Learned.

3. Skylight Test Chamber Design Report: Skylight U-Factor Tests. Describes how a U-factor
test facility was constructed and calibrated for the purpose of characterizing the thermal
conductance properties of skylights with and without their light wells.

4. Summary of U-Value Test vs. Model. Results of skylight U-factor testing.

5. Summary of SHGC Test vs. Model. Results of skylight solar heat gain coefficient testing



6. Skylight Visible Properties Research. Describes methodology and results of study that
characterized how skylight shapes, glazing types and light well configurations affect visible
optical characteristics.

7. Summary of VLT Angle Test vs. Model. Results of skylight visible transmittance testing.

The Buildings Program Area within the Public Interest Energy Research (PIER) Program produced
these documents as part of a multi-project programmatic contract (#400-99-413). The Buildings
Program includes new and existing buildings in both the residential and the non-residential sectors.
The program seeks to decrease building energy use through research that will develop or improve
energy efficient technologies, strategies, tools, and building performance evaluation methods.

For other reports produced within this contract or to obtain more information on the PIER Program,
please visit www.energy.ca.gov/pier/buildings or contact the Commission’s Publications Unit at 916-
654-5200. All reports, guidelines and attachments are also publicly available at
www.newbuildings.org/pier.



ABSTRACT

The “Skylight Photometric and Thermal Reports™ attachment is a set of seven reports produced by the
Integrated Design of Commercial Building Ceiling Systems project. This was one of six research
projects within the Integrated Energy Systems: Productivity and Building Science Program, funded by
the California Energy Commission’s Public Interest Energy Research (PIER) Program.

In the past, skylights for commercial buildings are rarely tested for their light transmittance, heat
transfer, and solar gain characteristics, and little data exists about their performance. This makes it
difficult to specify skylights based on an objective standard and to model their performance in real
buildings. This research project developed testing methodologies and conducted controlled tests to
characterize the thermal conductance, solar heat gain, and visible light transmittance of skylights that
represent typical commercial installations. The detailed results are published in the program’s final
report (Commission publication #P500-03-082), and in the “Design Guidelines for Skylights with
Suspended Ceilings” produced as part of this research project.

This attachment includes seven background research documents that supplement the final report and
Design Guidelines. Among the key research findings is the conclusion that light wells reduce solar
heat gain. The testing resulted in new data on effective visible transmittance and U-factor that will
likely influence skylight rating and simulation methods.

Authors: Jon McHugh, Heschong Mahone Group; Sam Yuan, ETC Laboratories, Inc.; David Tait,
Tait Solar Co.

Keywords: skylight, light well, daylighting, solar heat gain, SHGC, U-factor, visible transmittance,
commercial building ceiling, thermal conductance, suspended ceiling
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1.1. Preface

The HESCHONG MAHONE GROUP has produced this report as part of the Integrated
Design of Commercial Building Ceiling Systems research element of the
Integrated Energy Systems - Productivity and Buildings Science energy research
program managed by the New Buildings Institute. Peter M. Schwartz is the
Senior Program Director of this project for the New Buildings Institute. Cathy
Higgins is the Program Director of this project for the New Buildings Institute.

The Integrated Energy Systems - Productivity and Buildings Science program is
funded by the California Energy Commission under Public Interest Energy
Research (PIER) contract No. 400-99-013. The PIER program is funded by
California ratepayers through California's System Benefit Charges and is
administered by the California Energy Commission (CEC). Donald J. Aumann is
the CEC Programmatic Contact.

1.2. LEGAL NOTICE

THIS REPORT WAS PREPARED AS A RESULT OF WORK SPONSORED BY
THE CALIFORNIA ENERGY COMMISSION (COMMISSION). IT DOES NOT
NECESSARILY REPRESENT THE VIEWS OF THE COMMISSION, ITS
EMPLOYEES, OR THE STATE OF CALIFORNIA. THE COMMISSION, THE
STATE OF CALIFORNIA, ITS EMPLOYEES, CONTRACTORS, AND
SUBCONTRACTORS MAKE NO WARRANTY, EXPRESS OR IMPLIED, AND
ASSUME NO LEGAL LIABILITY FOR THE INFORMATION IN THIS
REPORT; NOR DOES ANY PARTY REPRESENT THAT THE USE OF THIS
INFORMATION WILL NOT INFRINGE UPON PRIVATELY OWNED RIGHTS.
THIS REPORT HAS NOT BEEN APPROVED OR DISAPPROVED BY THE
COMMISSION NOR HAS THE COMMISSION PASSED UPON THE
ACCURACY OR ADEQUACY OF THE INFORMATION IN THIS REPORT.

HESCHONG MAHONE GROUP 1 October 20, 2003
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1.3. Acknowledgements

This report was prepared by Jonathan McHugh at the HESCHONG MAHONE GROUP
with assistance from lan Lewin, Jim Walker and Jim Domigan at Lighting
Sciences Inc.

The following companies provided generous in-kind support to this skylight
photometric testing project:

CrystalL.ite Inc., DayLite Natural Lighting Technologies LLC
Naturalite Skylight Systems, Sunoptics Prismatic Skylights
TriStar Skylights Velux

The Skylight Testing Technical Advisory Committee gave important feedback on
the design of the research and the format of the results.

Members of the Skylight Testing Technical Advisory Committee are:

Dave Alexander, Sears; Dariush Arasteh, LBNL; lan Ashdown, byHeart
Consulting; Morad Atif, National Research Council Canada; Bill Beakes,
Armstrong World Industries; Bob Berger, Independent Testing Laboratories; Gus
Bernal, Day Lite Company; Jim Blomberg, Sunoptics Prismatic Skylights; Dan
Cherney, CPI; Doug Cole, Micron Vinyl; Andre Desjarlais, ORNL; Neall Digert,
Solatube; David Dilaura, University of Colorado Boulder; William duPont, LBNL,;
Charles Ehrlich, HESCHONG MAHONE GROUP; Hakim Elmahdy, National Research
Council Canada; Stuart Feldman, Discrete.com; Sean Flanigan, Wasco
Products; Steve Harrison, Queen's University; Joe Hayden, Pella Windows;
Randy Heather, Naturalite Skylight Systems; Richard Heinisch, Lithonia Lighting;
Lisa Heschong, HESCHONG MAHONE GROUP; Ivan Johnson, TriStar Skylights; Joe
Klems, LBNL; Eleanor Lee, LBNL; Lance Livingston, Lighting Technologies;
Peter Lyons, Australian Window Association; Ross McCluney, FSEC; John Mors,
Day Lite Company; Brad Prouty, California Daylight; Steve Richter, CrystalLite
Inc.; Francis Rubinstein, LBNL; Todd Saemish, Lighting Analysts; Stephen
Selkowitz, LBNL; Bipan Shah, D&R International; Roland Temple, Velux; Martin
Timmings, Canlyte; Stephen Treado, NIST; and Randy Van Horst, Quality
Testing.

1.4. Foreword

Approximately 75% of new retail construction makes use of dropped ceiling
systems (T-bar and acoustical tile). Acoustic ceiling/lighting design affects fire
protection, seismic safety, lighting, daylighting, insulation, mechanical systems
and acoustics. Electric lighting accounts for over one third of all commercial
electricity consumption, and over one quarter of peak demand for commercial
buildings and 11% of peak demand for all uses in California! At least 60% of
ceiling area is directly below a roof and therefore, how well building components

HESCHONG MAHONE GROUP 2 October 20, 2003
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and energy consuming systems are integrated to configure the ceiling system is
a serious issue that impacts the resultant building energy use.

The purpose of this research element is to develop a protocol for designing and
specifying highly efficient ceilings that will incorporate effective placement of
insulation, daylighting via toplighting and daylight-responsive electric lighting
controls. This protocol will help to reduce uncertainty regarding code compliance
and construction costs.

This research in this report has been designed to support of the Integrated
Design of Commercial Building Ceiling Systems research element. This
research project consists of three related components:

1. Effectiveness of lay-in insulation
2. Comprehensive skylight testing

3. Culminating in an integrated ceiling system protocol for quality lighting
(including daylight) and energy savings.

This report describes how a photometric test facility was constructed and
calibrated for the purpose of characterizing the photometric properties of
skylights with and without their light wells.

1.5. Abstract

This report describes the methods and equipment used by Lighting Sciences Inc.
to measure the photometric properties of skylights and their light wells in the
same format used to characterize electric lighting luminaires. Angular intensities
from the base of the light well were measured using a Type C goniometer. The
size of the goniometer was minimized by using mirrors to "fold" the paths of light
and by measuring one quadrant of the base at a time and recombining the
results mathematically.

In addition to describing the physical construction of the goniometer, this report
describes the results of calibration measurements to assure that the values
recorded by this instrument are accurate within acceptable limits. Photometric
sensors were calibrated relative to a NIST traceable standard lamp. To assure
that sensors are correctly reading the intensity of an area source, candela
distribution measurements were taken on a two foot by two foot square luminaire
in the skylight photometer and compared to similar measurements on a standard
mirror photometer. The results on the skylight photometer were within 3% of
those on a standard luminaire testing photometer.

HESCHONG MAHONE GROUP 3 October 20, 2003
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2. INTRODUCTION

Goniometric testing of light sources characterizes the angular distribution of light
intensities from a source. When this information is stored in a standardized
photometric file format such as IES LM63-1995', lighting design software
programs can predict how the measured source will light a space. Most
luminaires specified for commercial buildings in the United States have
photometric files that result from goniometric testing.

Skylights rarely have any tested photometric information available. Unlike light
fixtures, which require only one photometric test, skylights require a separate test
to characterize their performance at each significantly different sun angle as well
as a separate measurement for overcast conditions. If photometric files for
skylights were available, we could predict how skylights would make a space
look, better understand how much lighting energy they displace and make
informed decisions on which skylight performs better.

This Public Interest Energy Research (PIER) project is testing a variety of
skylights with different shapes, materials, and on a variety of light wells to help
understand how these factors influence the distribution of light into the occupied
areas below.

Most light fixtures are tested under conditions known as "far field" photometry.
The light fixtures can be treated as essentially a point source of light without
excessive error as long as the measurements are taken from a distance. The
minimum distance usually used for this type of photometry is 5 times the largest
dimension of the source being measured. For our skylight wells and rectangular
fixtures, the longest dimension is the diagonal.

Since the diagonal across the base of our 4 ft by 4 ft (plan dimensions) light well
is 5.6 ft, using the "5 times" rule, far field photometry is typically measured 28

feet away. Thus commonly held practice would assume that a test chamber with
a 28 ft height and a 28 ft diameter would be needed to test a 4 ft by 4 ft skylight.

Lighting Sciences Inc. (LSI), the testing subcontractor, developed a test
methodology and apparatus that would fit in a 17-ft tall cube. This substantially
reduces the real estate and thus costs associated with testing skylights. A more
affordable test method translates into a test method that industry is more likely to
adopt.

This report describes the design, construction and calibration of the LSI skylight
goniometer.

"IES LM-63-1995, IESNA Standard File Format for Electronic Transfer of Photometric Data, New York, NY
1995.

HESCHONG MAHONE GROUP 4 October 20, 2003
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3. SCOPE OF TESTING AND REPORTING

The PIER skylight testing project selected four foot by four foot skylights as this
was the smallest size of skylight that one would typically find on a commercial
building. In addition, there are some skylight types that we wanted to test that
are not made in a smaller size - most notably the compound parabolic shaped
skylights.

Recognizing that the luminous performance of skylights is a product of the
skylight and the light well beneath the skylight, the project tested skylights in
combination with different light wells. Table 1 lists the combinations of skylights
and light wells tested. These combinations were selected to specifically identify
the effect of different modes of diffusion (pigment, fibers, and refractive shapes)
on the distribution of light under skylights and their light wells. Light well depth,
surface properties and presence of bottom diffuser were varied to investigate the
effect of these elements. Since the focus was on skylights used on commercial
buildings in California's mild climate, many of the skylights were single glazed.

Table 1: Tested skylight/lightwell combinations

Test No. |Material Shape Color Glazing(s) Tilt Well Ht. |Well SurfiDiffuser |Rotation
1|Glass Flat Clear Double w/ low-e |Horz. 1' Diffuse  |No
2|Glass Flat Clear Double w/ low-e |Horz. 3' Diffuse No
3|Glass Flat Clear Double w/ low-e |Horz. 6' Diffuse  |No
4|Glass Flat Clear Double w/ low-e |Horz. 6' Diffuse  |Yes
5|Acrylic Dome White Single Horz. 1' Diffuse  |No
6|Acrylic Dome White Single Horz. 3 Diffuse  |No
7|Acrylic Dome White Single Horz. 6' Diffuse  |No
8|Acrylic Dome White Single Horz. 3 Specular |No
9|Acrylic Dome White Single Horz. 6' Specular |No
10[Acrylic Dome White Single Horz. 3 Specular |Yes
11|Acrylic Dome White Single Horz. 6' Specular |Yes
12|Acrylic Dome White Double Horz. 1' Diffuse No
13|Acrylic Compound Arch Clr. Pris. Double Horz. 1' Diffuse No
14|Acrylic Compound Arch Clr. Pris. Double Horz. 6' Diffuse No
15|Acrylic Compound Arch Clr. Pris. Double Horz. 1" Diffuse  |[No 90 deg
16|Fiberglass Pyramid Crystal/crystal Panel Horz. 1' Diffuse No
17|Fiberglass Pyramid Crystal/crystal Panel Horz. 6' Diffuse No
18|Polycarbonate Pyramid Clear Twinwall Horz. 1' Diffuse  |[No
19|Polycarbonate Pyramid Clear Twinwall Horz. 6' Diffuse  |No
20|Acrylic Pyramid Bronze Single Horz. 3' Diffuse No
21|PET Compound Arch White Single Horz. 1' Diffuse No
22|PET Compound Arch White Single Horz. 1' Diffuse  |No 90 deg

For each of the 22 skylight/light well combinations under clear skies, a
photometric test was to be performed for each 10 degree increment in solar
elevation from sunrise to sunset as well as a test at solar noon. These tests
were performed in the summer to maximize the number of sun angles tested.
Clear skies were defined as having a sky ratio less than 25%. The sky ratio is
defined here as the ratio of diffuse horizontal illuminance to total horizontal
illuminance. A single overcast sky test was also required for each of the
skylight/lightwell combinations. An overcast sky was defined as having a sky ratio
greater than 85%.

For each test, the test lab provides the raw data from the tests, photometric files
in IESNA LM 63-1995 photometric file format and standard photometric reports
from each of the photometric files. This data set provides detailed photometric

HESCHONG MAHONE GROUP 5 October 20, 2003
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information on many of the skylight types installed on commercial buildings in
California.

4. DESCRIPTION OF TEST EQUIPMENT

4.1. Rationale for Photometer Design

In order to maximize the portion of funding available for actual testing, costs
associated with building space rental need to be reasonable while not
compromising test accuracy. A difficulty in achieving this relates to test distance:
a four by four foot skylight has a diagonal dimension of 5.66 feet. In order to
meet the requirements of IESNA LM41, the distance from the center of the test
item to the photocell should be 5 times this dimension, or 28 feet.

It is worth noting that the IES 5x rule creates an acceptable tolerance of 1% for
diffuse fixtures. For fixtures which may have steep gradients in their
candlepower distribution, tolerances due to the test distance might exceed 1%.
(Ref. LM41). LSI feels that the 5x rule should not be compromised, particularly
as the skylight candlepower distributions are unknown at this time. We have
therefore made considerable effort in reviewing photometric test systems, which
allow adherence to the IES rule while being practical in size.

Data must be collected over a range of vertical angles in 10° increments from 0°
to 85°, and around a range of horizontal angles in 22.5° increments from 0° to
337.5°. If the photocell is aimed directly at the 4 x 4 ft. skylight from all angular
positions, a room measuring 56 x 56 feet with a ceiling height of 28 ft. is needed.
Location of such facility is difficult, and rental costs are likely to be high.

Two methods can be used to reduce the volume of a photometric test chamber
while maintaining the 5x test distance:

1. Use of mirrors. Test paths can be folded within a reduced space by mirrors.
For example, LSI's automotive goniometer test range provides a 100 ft. test
distance but occupies only a 10 x 45 ft. space. It is a facility inspected,
approved and used by the US Department of Transportation.

The most common type of goniometer in use today is the rotating mirror
system. LSl is the world's largest supplier of such systems and operates two
such laboratories at the Arizona facilities.

Use of mirrors in photometry therefore is accurate, when properly calibrated,
and commonplace.

2. Testing of large light sources in multiple sections.

A large source can be broken into individual sections, each of which is tested
separately. This is achieved by using a screening plate, which fits over the
luminaire to block light from the area not being measured. The area being
measured is centered on the goniometer. LSI uses this technique for all 8 ft.

HESCHONG MAHONE GROUP 6 October 20, 2003
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fluorescent luminaires, testing these in two 4 ft. sections and summing the

results using software.

Both of the above techniques are used in this skylight photometry project,
providing a high accuracy system for 4 ft. x 4 ft. skylights in a cube that

measures 17 feet on each side.

The error inherent in this technique versus the error from standard far field
photometry is described in Section 7 Error Analysis.
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Figure 1: Photometric test chamber
elevation and plan (reduced scale)

The Goniometer and Test Chamber

Lighting Sciences Inc (LSI) has built a
hollow wooden cube that is
approximately 17 ft on a side (see
Figure). This cube has a 6.5 ft by 6.5 ft
opening in the roof. The bottom of this
opening (flush with the ceiling) is a steel

. plate which supports the skylight and

the light well. In the center of this steel
plate is a 2 ft by 2 ft hole - the size of a
quadrant of a 4 ft by 4 ft skylight. This
opening provides unrestricted light
paths in the test chamber at all vertical
angles to 85° for all azimuthal angles.

Each skylight is tested in four 2 x 2 ft.
portions. The four photometric tests will
be summed using software already
available for this purpose. The
goniometer system, as described below,
is such as to allow each 2 x 2 ft. area to
lie at the goniometer center while it is
under test. Results therefore will be
identical to those from a single test
using double the test distance.

HESCHONG MAHONE GROUP
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Figure 3 illustrates the goniometer.
It is of the multiple photocell type,
(see IES handbook), with an
individual cell for each vertical
angle of interest. (0, 5, 15, 25, 35,
45, 55, 65, 75 and 85 degrees.)
The horizontal member holds the
0, 5 and 15 degree photocells.
The 0 degree cell is directly
beneath the exposed 2 x 2 ft.
quadrant of the skylight under test.
This horizontal arm pivots around
an axis point directly beneath the

0° cell, with its opposite end Figure 2: Chamber opening and metal

running on a wheel. Full 360° quadrant shield (prior to being lined with
horizontal rotation can be black paper)
achieved.

ey 2FT p— SKYUGHT At the extremity of the horizontal arm is a
vertical member, holding the 25°
photocell. It also holds flat mirrors having
centroids at vertical angles of 35, 45, 55,
8 65, 75 and 85° respectively. Each mirror
5 is angled to redirect the intercepted light to
individual photocells located on a second
p vertical arm. Each of the 35 to 85° cells
MIFRGR motocer. . S€€S" the skylight at its particular angle
iAW / . and only at that angle. .

Jeiil

CEILING

e ™ SHIELD

T4

# All mirrors and photocells, because they

are mounted on the horizontal pivoting
arm, rotate 360° about the 0° photocell to
provide a complete photometric
measurement system. A horizontal
stabilizer arm with wheels and guide wires
T anr maintains the verticality of the arm holding
the cells and mirrors as it rotates through

Figure 3: Side View of Goniometer ~ the range of horizontal angles. A further
wheel is placed beneath the second

74
23
55

45

25#’

br g g e £

3 HEEL
1/-/

L 1%
T 5
WHEEL

= ™

smaller vertical arm.

' One member of our advisory committee suggested measuring the skylights without the quadrant masking
guard and comparing this to the results with the quadrant masking guard in place. The geometry of the
mirrors and photometer baffles permits viewing only a 2 ft by 2 ft opening; thus, this suggestion could not
be applied.
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The skylight will be tested with one of its quadrants over the 2 x 2 ft. ceiling
aperture. The skylight and well will then be moved to position quadrants 2, 3 and
4 respectively over the ceiling opening. Thus each quadrant can be tested.

Black flocked paper of very low reflectance (measured reflectance of 2%) will be
placed on the plate underneath the well, over the 3 quadrants not being tested.
This will reduce any unwanted reflections to near-zero.

4.3. Electronics

Each photocell is a silicon photodiode,
with its spectral response corrected
accurately to the CIE V(A) curve. LSI
has proprietary electronic systems
which amplify the photocell signal
using various amplifier gain stages
appropriate for the light level under
test. The amplified analog signal is
converted to digital and sent to a
computer interface. The entire system
is multichannel such that the computer
Figure 4: Multi-channel photocell signal  monitors all photocells simultaneously.
amplifier Such electronics have been used on

numerous other photometric test
systems developed and produced by LSI. Accuracy of the proposed system will
be equivalent to that of LSI's mirror goniophotometers.

44, Ambient solar illumination measurements

A Photo Research model 301 illuminance
meter/radiometer installed on the roof of the test
chamber measured global horizontal illuminance.
This same illuminance meter also measured
horizontal diffuse illuminance when the sensor
was shielded from the direct beam of sunlight.
Shielding was accomplished by holding a 3.5
inch by 4 inch shield 18 inches from the
Figure 5: Ambient Light Meter Photometer sensing element. The shield is
and Obscuring Shield attached to the end of an 18 inch long handle
which allows the technicians to be approximately
2 feet away from the photometer. In addition, while holding the shield, the
technicians stood on a roof that was approximately 4 feet lower than the test
chamber, thus only the head and shoulders of the technicians were at the same
level as the light sensor.
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Both global horizontal and diffuse horizontal ambient illuminance measurements
are taken at he beginning of each set of skylight measurements so the
goniometric measurements of skylights are taken only under the correct sky
conditions. Clear sky measurements for a given sun angle and skylight
configuration will be taken only when the sky ratio (ratio of diffuse to total
horizontal illuminance) is less than 25%. Overcast sky measurements will be
taken only when the sky ratio is greater than 85%.

Ambient global horizontal illuminance measures are also taken simultaneously
with each half vertical plane of intensities under the skylight for each increment in
horizontal (azimuthal) angle. Thus each time the arm of the goniometer is moved,
an ambient global horizontal illuminance measurement is taken. This is done so
the candela measurements taken on the goniometer are normalized by the
horizontal lumens falling on the skylight.

4.5. Solar Angles

LS| has provided a brief review of the computation of solar angles which will be
needed in this project, see Appendix A - Solar Angle Calculations. Using the
formulae provided, the exact test times will be computed for the actual day of
testing for the 10° increments of the sun.

4.6. Data Collection Speed

It is important that data collection occurs at high speed as the results should not
be affected significantly by movement of the sun during the test. The multiple
cell photometer allows near-instantaneous capture of a vertical plane of readings.
It is estimated that collection of such a plane and movement of the system to the
next horizontal angle can be accomplished in 10 seconds. A full photometric test
in 16 half-planes for a single skylight quadrant is completed in approximately 2
minutes, 40 seconds. Shielding of the skylight quadrant and exposure of the
next quadrant is done by moving the skylight so that the next quadrant measured
is over the square hole in the roof of the test chamber, taking roughly 20
seconds. A complete test on all four quadrants is estimated to require roughly 12
minutes.

A typical elapsed time for a 10° change in solar elevation is roughly 50 minutes.
(See appendix A.) The solar elevation change during a 12 minute test will be
roughly 2 degrees. By starting the test 6 minutes before the sun reaches the
desired angle, test data will apply to this angle plus and minus approximately 1
degree.

4.7. Data Reduction

Conventional indoor lighting photometric data reduction software is unsuitable for
the purpose of this project. Most software assumes that an indoor luminaire is

HESCHONG MAHONE GROUP 10 October 20, 2003



INTEGRATED DESIGN OF COMMERCIAL CEILINGS PrROJECT5.3.5

quadrilaterally symmetric (symmetric about its along axis and about its across
axis.) More general software will treat the data as symmetric only about the
along axis, i.e. left and right sides symmetric. However, a skylight produces a
light distribution that has no axis of symmetry. LSI will use software capable of
handling all quadrants of the light distribution separately, and will write IES
photometric files which properly document the data for each azimuthal plane, 0 to
360°, without any form of averaging.

The luminous intensities (cd) measured by the goniometer for each quadrant are
normalized by the total amount of ambient luminous flux (lumen) falling on the
entire skylight. Adding together the normalized luminous intensities (cd/lumen)
from each of the four quadrant measurements generates the normalized
luminous intensities for the photometric file for the entire skylight.

No adjustment is made for reflectance from shielding. The negligible error
resulting from reflections off of the quadrant mask is quantified in Section 7 Error
Analysis.

5. CALIBRATION

LS| operates a US Government approved calibrations facility for photometric
devices, traceable to NIST.

The model 301 photometer for roof measurements is calibrated every 6 months
using LSI's optical bench room and NIST traceable intensity standard lamps.

Calibration of a multiple cell goniometer such as that proposed is performed
using a special form of standard lamp. This is a lamp and reflector combination
which provides a wide spread of light. This source is calibrated over a range of
vertical angles on a mirror goniophotometer, which is itself calibrated traceable to
NIST. The standard source is then placed at the goniometer center, which in this
case will be the center of the well at the height of the ceiling. Surrounding
surfaces are black. Knowing the intensity in the direction of each photocell from
the mirror goniophotometer calibration of this source, and reading the amplified
voltage developed by each photocell, the candelas per millivolt factor for each
cell is calculated. This array of calibration factors is stored in a computer file and
applied to all subsequent millivolt readings during the actual testing. This yields
the absolute candela values received by each cell during test.
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a) standard b) skylight ¢) skylight
photometer photometer photometer
pre-test post-test

Figure 6: Comparison of 2 ft by 2ft luminaire measurements on standard
goniometer (left) vs. skylight goniometer before and after clear sky skylight tests

The above calibration assures that the calibration is correct for a point source.
Error could be created if the goniometer is slightly misaligned or baffles are
shielding some of the area of the 2' x 2' planar source. To assure that all
measurements are accurate for a planar source, measurements shall be taken of
a 2' by 2' light fixture with a known asymmetric photometric distribution. These
intensity measurements shall be compared with the known distribution and an
error analysis performed.

As can be seen by viewing the polar plots in Figure 6 (a) and (b), the results from
the skylight goniometer match well those from a standard mirror goniometer used
to measure the photometrics of electric lighting luminaires. The total lumens
calculated from intensities measured by the skylight goniometer were only 3%
less than those of the standard goniometer. In terms of average intensities per
vertical angle, only at 85 degrees from the nadir did the intensities diverge more
than 10%. It is thought that the 1/2" thickness of the ceiling is blocking this last
measurement at the glancing angle of 85 degrees. At this angle, representing
the average intensity between 80 and 90 degrees, only 2% of total lumens from
the luminaire were measured on the standard goniometer.

This comparison shows that the skylight goniometer is within acceptable criteria
for accuracy to perform the tests.

In addition, the luminance distribution of the 2 ft by 2 ft electric lighting luminaire
was measured on the skylight goniometer at the beginning and at the end of the
clear sky tests. As shown in Figure 6 (b) and (c), there was little change in this
measured luminance distribution of the same object between the beginning and
the end of the tests. This indicates that sensitivities did not drift or that alignment
of mirrors did not change over the period of the clear sky tests.
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6. TEST PROTOCOL

The following steps describe the protocol used for photometric testing of the 22
skylight and light well combinations.

Step 1 Calibrate goniometer
Step 2 Install skylight

Step 3 Check for light leakage
Light should not be coming through base of skylight

Step 4 Check for appropriate sky ratio

The sky ratio is defined here as the ratio of diffuse horizontal illuminance to total
horizontal illuminance.

Clear sky tests - less than 25% sky ratio

Overcast sky test - greater than 85% sky ratio

Diffuse horizontal illuminance is measured using an llluminance meter with a
shading disk.

Step 5 Start testing 6 minutes before solar elevation is at nominal 10
degree value
Step 6 Move skylight so correct quadrant is exposed

Schedule quadrant measurements so that the second and third quadrants tested
(those closest to the nominal sun position) are the ones with the most light output
for that time of day.

Step 7 Initial position of goniometer (North = 0 degrees)

This is compatible with some commercially available lighting software.

Step 8 Collect goniometer and ambient data

Goniometer candela measurements and ambient illuminance measurements
taken simultaneously to create normalized candela per lumen values. Data
collected on test rig with sensors located at mid point of each ten degrees of
vertical angles and entire rig is rotated azimuthally in 22.5° increments the full
360°.

Step 9 Repeat steps 6 through 9 for remaining quadrants

Step 10 Repeat steps 4 through 10 for each 10 degrees of a full day's worth
of data

Sky ratio must be valid for each test.
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Check calibration of goniometer at end of tests to assure stability of
measurements.

7. ERROR ANALYSIS

Sources of error, which will affect results, are those, which are normal to all (or
most) photometric testing, and those, which are specific to this project. Normal
sources of error are generally agreed to be within a range of + 2% overall,
although individual intensity values may vary by greater amounts. With certain
difficult-to-measure light sources, this figure increases to roughly + 5%.

Project-specific errors are as detailed below.

71. Sun Movement.

Measurement in 16 half-planes for each of the four skylight quadrants is
estimated to take 3 minutes per quadrant for a total of 12 minutes. Testing will
commence 6 minutes prior to the nominal time at which the sun reaches its test
location. Thus data planes will be collected at times ranging from 0 to 6 minutes
from the nominal condition. The error introduced by this factor in terms of
skylight efficiency is expected to be negligible because of plus and minus
canceling effects. Errors will be further reduced by measuring the two quadrants,
which contribute the least to the overall light output before and after the two,
which contribute the most. The errors introduced will affect intensity values at
individual angles, but these also are not expected to be of practical significance.

7.2. Test distance

The IES rule-of-thumb is that photometric errors are negligible as long as the test
distance is more than five times maximum dimension of the luminaire. By
breaking a 4 X 4 foot skylight into 4 equal individual areas, the largest dimension
of any test item will be less than one fifth of the test distance. This therefore
does not introduce any error related to source size greater than that which occurs
in conventional photometry. It is, in fact, equivalent to doubling the test distance.
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Case | It has been queried what errors this
LHS  RHS technique may introduce if different
all 7l /N portions of the skylight produce
v different levels of intensity in given
directions. Case 1 in Figure 7 shows
where a 4 x 4 ft. skylight is tested at
28 ft. This illustrates measurement at
an angle A. The skylight subtends an
angular range B, and the intercepted
vertical angles range from A1 to A2.
Consider left and right equal portions
Figure 7: Geometric errors from of the skylight, marked LHS and RHS.
subdivision of source Suppose LHS projects an intensity of
10 cd towards the photocell, and that
RHS projects 100 cd. Presume that the intensity from both sides decreases with
increasing vertical angle.

10£d Aogiéd

/)

The angular range projected from LHS to the photocell ranges from A to A1.
This light is assigned to an angle A. All light from LHS is at angles lower than A
and therefore this light will be recorded and assigned to angle A at too high an
intensity.

Similar logic applies to RHS, excepting that its light assigned to angle A will be
too low an intensity.

Because light emission from LHS is much less than from RHS, the overall error
will result in too low an intensity being assigned to angle A.

Cases 2 and 3 in Figure 7 illustrate where the photometry is performed
separately on the two sections at a test distance, which is half that used for case
1.

In case 2, the light assigned to A will actually be emitted over a range from A1 to
A2. Providing the gradient of intensity change with angle is reasonably close to
constant, the increased emission in the range A to A1 will be compensated by
the decreased emission over the range A to A2. This will sharply reduce any
errors.

In case 3, the same error cancellation occurs.

When the readings from cases 2 and 3 are summed, errors will be low because
of the self-canceling tendency in the two individual cases. No such self-
cancellation occurs in case 1. The summation method, case 2 + 3, is therefore
inherently more accurate than case 1. Case 1 meets the requirements of LM41,
therefore the case 2 + 3 method exceeds LM41 requirements

It is therefore logical to assume that errors introduced by spatial non-
homogeneity of a 4 x 4 ft. skylight will be reduced by photometering in 2 x 2 ft.
sections, rather than the errors being increased.

Where intensity gradients versus angle change sharply, the self-canceling in
cases 2 and 3 will be imperfect, but, there will always be some self-cancellation

HESCHONG MAHONE GROUP 15 October 20, 2003



INTEGRATED DESIGN OF COMMERCIAL CEILINGS PrROJECT5.3.5

of errors. In such cases, there is a possibility that errors will increase with cases
2 + 3 versus case 1 as the angular range of measurement for cases 2 and 3 is
from A1 to A2, while that for case 1 is half that amount. Sharp changes in
intensity gradient however, also are likely to introduce further errors in case 1.

Errors in the application of the skylight tests will exceed those from conventional
luminaire tests to the degree that such non-homogenities are greater in the
skylights. The extent of this effect is not known.

7.3. Reflectance Differences Between Mirrors.

Each photocell will be calibrated in situ, with the standard lamp located at the
goniometric center of the skylight. Mirror reflectance differences, if any, will
therefore be cancelled in the calibration process. Calibration accuracy of the
standard lamp is + 2%.

7.4. Atmospheric Changes During a Test.

The roof-mounted detectors will monitor any changes during a test and their
readings will be used to factor the skylight data planes.

7.5. Error Checking.

As an overall check of system accuracy, LSI intends to perform testing of a 4 X 4
foot fluorescent luminaire on one of the laboratory's standard mirror photometers.
This luminaire will then be located in the position of a skylight and photometered
using the new equipment. The correlation will be studied. Any significant
departures between the two data sets will be evaluated and eliminated.

7.6. Stray light reflected from quadrant masking shield

Since 3/4's of the base of the skylight well is covered by a shield during all
measurements, some of the light reflected by the shield will ultimately make it
through the open quadrant and be measured. This reflected light is a source of
error as it is an artifact of the shielding process. We measured the reflectance of
the black flocked paper that will cover the shield and found its reflectance to be
2%.

As illustrated in the calculations in Appendix B - Error Due to reflections from
quadrant masking shield, the additional light resulting from reflections from the
masking shield is less than 1% of the light we are intending to measure. Given
the other experimental uncertainties, it is not warranted to create a correction
factor for the negligible amount of light reflected by the masking shield that is
measured by the goniophotometer.
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8. LOCATION AND SITE

Scottsdale, Arizona is located at latitude of 33.5°, corresponding to southern
California between San Diego (32.5°) and Los Angeles (34.0°). Climatic
conditions are excellent for the performance of this type of work as the majority of
days meet the requirement for clear sky. Overcast days also occur with
regularity.

The skylight will be higher than the adjacent building. All other buildings in the
area are low enough such that any shadowing created will be 6 degrees or less
above the horizontal. Light blockage therefore is expected to be negligible.
Shadowing by a few trees in the area is also considered negligible.
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APPENDIX A - SOLAR ANGLE CALCULATIONS

Calculation of elapsed solar mean time between different solar elevations

We wish to compute the elapsed solar mean time between two different elevations of the
sun. This can be accomplished by computing the hour angles of the sun for the two
different elevations and subtracting the two angles. The elapsed solar mean time will be
the difference in hour angle. The hour angle of any celestial object is the angle between
the prime meridian and the great circle that runs through the object and the celestial
poles. Hour angle is normally expressed in terms of hours, minutes, and seconds. A full
circle of 360° is converted to 24 hours so that 15° are equivalent to 1 hour.

The relationship between an object’s declination, 8, the observer’s latitude, ¢, the
object’s zenith distance, z, and the objects hour angle, H, is given by:

COS z = sin ¢ sin 8 +cos ¢ cos o cos H.

W.M. Smart, Textbook on Spherical Astronomy 6™ ed., Cambridge University Press,
1979, p.35.

Solving the equation for hour angle H gives:
H = Cos™((cos z — sin ¢ sin 8)/(cos ¢ cos §)).
The zenith distance, z, is related to the elevation, e, by:
z=90°-e.
So the equation for hour angle in terms of elevation is:
H = Cos™((sin e — sin ¢ sin 8)/(cos ¢ cos 8)).

This equation is technically for an object with a fixed declination and right ascension.
However the sun is constantly changing its position with respect to the background stars.
The right ascension of the sun changes by about 4 minutes per day. The elapsed time
computed would be too small by 4 minutes per 24 hours of elapsed time. However the
time interval computed from the hour angle is in sidereal time which runs faster than
solar mean time by 4 minutes a day. Thus the error caused by the sun’s changing right
ascension is corrected by the conversion from sidereal to mean solar time.

The sun is also constantly changing its declination. For the time period between 7 May
and 5 August the sun’s declination changes by a maximum of about .5° per day. This
should result in a maximum error of about 10 seconds per hour of elapsed time.

Another approximation implied in this method is that the difference in hour angle will be
identical to the elapsed mean sidereal time. Technically differences in hour angle are
related to differences in apparent sidereal time. The apparent sidereal time differs from
mean sidereal time by something called the equation of the equinoxes. However the
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magnitude of the equation of the equinoxes is about 1 second so it can be safely
neglected. Also the calculations are not corrected for atmospheric refraction and
observers elevation above sea level.

As an example let us calculate the elapsed solar mean time between solar elevations in
10° increments for latitude 33.5° N (Scottsdale, Arizona) on 7 May 2001. From the 2001

edition of the Astronomical Almanac, we interpolate the solar declination for 19h UT
(Noon MST) and obtain a declination of +16.9°. The times calculated are as follows:

Table 2: Duration of Elevation Changes on May 7th

Solar elevation  Elapsed time

change (minutes)
0-10 50.2
10 - 20 48.8
20-30 48.1
30-40 48.0
40 - 50 48.7
50 - 60 51.2
60 - 70 61.7

The maximum solar elevation, emax, at solar noon can be easily found by the
following relationship.

emax = 90'¢+8

Thus the maximum solar elevation in Scottsdale on May 7th would be:
€max = 90 - 33.5 + 16.9 = 73.4 degrees

Computations such as illustrated above will be used to determine exact skylight
test times.
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APPENDIX B - ERROR DUE TO REFLECTIONS FROM
QUADRANT MASKING SHIELD

Conditions:

e Material will be black flocked surface, reflectance = 2.2%, as measured by
LSI.

e Pattern of reflected light is Lambertian.
e Consider average depth of skylight well = 3 ft.

Suppose 100 lumens reach the 4 x 4 ft. bottom of the well. Lumens intercepted
by the shield, on average, = 75 Ims., as 12 sq. ft. out of 16 sq. ft. are shielded.

By computing the intensity distribution from a given point on the shield, assuming
a Lambertian diffuser, and the solid angle subtended by the skylight itself (top
aperture), and the solid angle subtended by the skylight well surfaces, the
proportion of reflected light from the point reflecting and then striking the well
surfaces can be calculated. Computations indicated that for a typical point on the
quadrant masking shield, 75% of the reflected light will strike the skylight well and
25% will strike the skylight itself from underneath.

Thus for the 75 lumens incident on the shield top surface, the lumens reflected
and then intercepted by the well surfaces = 75 x 0.022 x .75 = 1.24 lumens.

For a ray striking the well surface, which has a diffuse reflectance of 85%, 50%
will reflect upwards, 50% downwards.

Amount of light reflected downwards = 1.24 x 0.85 x 0.5 = 0.53 lumens.

Of this, one quarter is likely to be transmitted through the aperture. (4 sq. ft.
open out of the 16 sq. ft. total)

Amount of light reflected through opening = 0.25x 0.53 =0.13Im  Equation 1

For the 100 lumens, lumens reflected from the shield and intercepted by the
skylight itself = 75 x 0.022 x .25 = 0.41 lumens.

Amount of light reflected upwards from the skylight well surfaces (after reflection
from the shield) = 0.53 lumens. (ldentical to light reflected downwards). Assume
worst case, that all of this hits skylight.

Therefore total light striking bottom of skylight itself after reflection from the shield
top = 0.41 + 0.53 = 0.94 lumens.

The reflectance of a sample skylight has been measured to be 7%. However,
assume a more diffuse skylight with a higher reflectance of 20%.

Amount of light reflected by skylight after reflecting from shield top = 0.94 x 0.20
= 0.19 lumens.
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Proportion of this light reaching 4 x 4' bottom of skylight well = 0.25 (using same
logic as 75/25% earlier).

Of this, one quarter will be transmitted through the 2ft x 2 ft. aperture.

Therefore, light reflected from shield top and also reflecting from skylight itself =
0.19x0.25x 0.25 =0.01 lumens. Equation 2

From Equations 1 and 2, total light transmitted through 2 x 2' aperture after
reflecting from shield top = 0.13 + 0.01 = 0.14 lumens.

When data for the four quadrants are summed, this error will be increase by a
factor of 4 to 0.56 lumens.

The approximate error introduced by reflection from the shield is therefore
0.56%, as the above calculations are for 100 lumens reaching the bottom of the 4
x4 "well.

The error introduced from light reflecting of the masking shield is less than the
expected measurement error and no adjustment factor is needed to correct for
the presence of the shield.

HESCHONG MAHONE GROUP 21 October 20, 2003



P500-03-082-A-27
Photometric Testing Lessons Learned (product 5.3.2x)
Not yet complete

Please check the website in December 2003 for this document



ie r Final REPORT

PUBLIC INTEREST ENERGY RESEARCH
"Research Powers the Future"

Skylight Test Chamber Design Report:
Skylight U-factor Tests

By

Jon McHugh Sam Yuan
HESCHONG MAHONE GROUP ETC Laboratories, Inc.

July 10, 2002

Submitted to:

New Buildings Institute
Integrated Energy Systems
Productivity & Building Science Program
Contract Number Deliverable #5.3.2a

On behalf of the
California Energy Commission
Jkjlic Interest Energy Research (PIER) Program
Contract Number 400-99-013

NEwW
BUILDINGS

INS TITUTE



Test Chamber Design for
Skylight U-factor Test

Draft Report for Task 5.3.2a

Skylight U-factor Test Chamber Design

July 10, 2002
HMG Project #0014b

Submitted to:
Cathy Higgins, Senior Program Director
Integrated Energy Systems - Productivity & Building Science Program
A Project of the State of California PIER Program
New Buildings Institute, Inc.
123 Corte Madre Ave
Corte Madre, CA 94925
Tel: (415) 924-0477 Fax: (415) 927-0766

Submitted by:

HESCHONG MAHONE GROUP
11626 Fair Oaks Blvd. #302
Fair Oaks, CA 95628
Phone:(916) 962-7001
Fax: (916) 962-0101
e-mail: info@h-m-g.com
website: www. h-m-g.com

\\Orion\Public\NBI\PIER Integrated Design\FINAL REPORT ATTACHMENTS\Element 5\ A-27\Test_Chamber_Design_Report_5.3.2a.doc mchugh

10/20/03 3:28 PM



INTEGRATED DESIGN OF COMMERCIAL CEILINGS DRAFT REPORT

PrROJECT 5.3.2

TABLE OF CONTENTS

1 INTRODUCTION 5
2 TEST SPECIMEN MATRIX 6
3 METHODOLOGY 8
3.1 Scope 8
3.2 Referenced Documents 8
3.2.1 ASTM Standards: 8
3.2.2 ISO Standards: 9
3.2.3  Other Standards: 9

3.3 Terminology 9
3.4 Summary of Method 9
3.4.1  Significance and Use 9
3.4.2 Apparatus 9
3.4.3 Metering Chamber 10
3.4.4  Weather Chamber 11
3.4.5 Control Plenum 11
3.4.6  Skylight Well Construction 11
3.4.7 Specimen Frame 11
3.4.8 Ceiling Frame 12
3.4.9  Air Circulation 12
3.4.10 Air Temperature Control 12
3.4.11 Temperature Measurement 12
3.4.12 Instruments 12
3.4.13 Test Specimen 14
3.4.14 Test Conditions 14
3.4.15 Calibrations 15
3.4.16 Conditioning 17

3.5 Test Procedure 17
3.56.1 Installation of Test Specimen: 17
3.6.2  Stabilization and Test Times: 17
3.5.3 Recorded Test Measurements: 17

3.6 Calculation 19
3.6.1  Summer Conditions for Skylight Test Specimen Only 19
3.6.2  Winter Conditions for Skylight Test Specimen Only 20
3.6.3  Summer Conditions for Skylight Well Assembly System 21
3.6.4  Winter Conditions for Skylight Well Assembly System 23

3.7 Test Report 24
3.8 References 25

HESCHONG MAHONE GROUP i

October 20, 2003



INTEGRATED DESIGN OF COMMERCIAL CEILINGS DRAFT REPORT

PrROJECT 5.3.2

4.1 General Design

4.1.1

AQ QOO O -

ARRARMAMARMNKNAN;
N = O

B I e N N N N L

R
=
Y
W

4.2.1
4.2.2
4.2.3
4.2.4

4 SKYLIGHT TEST CHAMBER DESIGN 27
27

Apparatus Size 27
Construction Materials 27
Metering Chamber 27
Weather Chamber 28
Baffles 28
Control Plenum 29
Skylight Well Construction 29
Roof Frame 29
Ceiling Frame 29
Air Circulation 29
Air Temperature Control 29
Temperature Measurement 30
Instruments 30
4.2 Vertical Heat Flow Measurement Test Chamber Setup 30
Non Planar Skylight with One-Foot Well 30
Non Planar Skylight with Three-Foot Well 31
Planar Skylight with Three-Foot Well 32
Sloped Planar Skylight with Three-Foot Well 33
Non Planar Skylight with Six-Foot Well 34

4.2.5

HESCHONG MAHONE GROUP ii

October 20, 2003



INTEGRATED DESIGN OF COMMERCIAL CEILINGS DRAFT REPORT PrROJECT 5.3.2

Preface

The HESCHONG MAHONE GROUP has produced this report as part of the Integrated
Design of Commercial Building Ceiling Systems research element of the
Integrated Energy Systems - Productivity and Buildings Science energy research
program managed by the New Buildings Institute. Cathy Higgins is the Senior
Program Director of this project for the New Buildings Institute.

The Integrated Energy Systems - Productivity and Buildings Science program is
funded by the California Energy Commission under Public Interest Energy
Research (PIER) contract No. 400-99-013. The PIER program is funded by
California ratepayers through California's System Benefit Charges and is
administered by the California Energy Commission (CEC). Donald J. Aumann is
the CEC Programmatic Contact.

ETC Laboratories, Inc. is contracted to conduct the skylight U-factors testing.

Legal Notice

THIS REPORT WAS PREPARED AS A RESULT OF WORK SPONSORED BY
THE CALIFORNIA ENERGY COMMISSION (COMMISSION). IT DOES NOT
NECESSARILY REPRESENT THE VIEWS OF THE COMMISSION, ITS
EMPLOYEES, OR THE STATE OF CALIFORNIA. THE COMMISSION, THE
STATE OF CALIFORNIA, ITS EMPLOYEES, CONTRACTORS, AND
SUBCONTRACTORS MAKE NO WARRANTY, EXPRESS OR IMPLIED, AND
ASSUME NO LEGAL LIABILITY FOR THE INFORMATION IN THIS
REPORT; NOR DOES ANY PARTY REPRESENT THAT THE USE OF THIS
INFORMATION WILL NOT INFRINGE UPON PRIVATELY OWNED RIGHTS.
THIS REPORT HAS NOT BEEN APPROVED OR DISAPPROVED BY THE
COMMISSION NOR HAS THE COMMISSION PASSED UPON THE
ACCURACY OR ADEQUACY OF THE INFORMATION IN THIS REPORT.

Foreword

Approximately 75% of new retail construction makes use of dropped ceiling
systems (T-bar and acoustical tile). Acoustic ceiling/lighting design affects fire
protection, seismic safety, lighting, daylighting, insulation, mechanical systems
and acoustics. Electric lighting accounts for over one third of all commercial
electricity consumption, and over one quarter of peak demand for commercial
buildings and 11% of peak demand for all uses in California! At least 60% of
ceiling area is directly below a roof and therefore, how well building components
and energy consuming systems are integrated to configure the ceiling system is
a serious issue that impacts the resultant building energy use.

The purpose of this research element is to develop a protocol for designing and
specifying highly efficient ceilings that will incorporate effective placement of
insulation, daylighting via toplighting and daylight-responsive electric lighting
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controls. This protocol will help to reduce uncertainty regarding code compliance
and construction costs.

This research in this report has been designed to support of the Integrated
Design of Commercial Building Ceiling Systems research element. This
research project consists of three related components:

1. Effectiveness of lay-in insulation
2. Comprehensive skylight testing

3. Culminating in an integrated ceiling system protocol for quality lighting
(including daylight) and energy savings.

This report describes how a U-factor test facility was constructed and calibrated
for the purpose of characterizing the thermal conductance properties of skylights
with and without their light wells.
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1 INTRODUCTION

The purpose of this report is to inform the California Energy Commission
program manager, the advisory committee and other interested parties of the
skylight products and skylight/light well combinations that will be tested for
thermal performance (U-factor) and the test chamber design used to perform
these tests.

We provide the Test Specimen Matrix in Section 2 and the Test Chamber Design
in Section 4. Between these two sections we have sandwiched the Test
Methodology. This test methodology in Section 3 has been previously reviewed
by the advisory committee but is included in this report to provide context for
review of the Test Specimen Matrix and the Test Chamber Design.

Since much of this work draws upon earlier solar heat gain tests on the same set
of skylights, the reader is directed to the PIER skylight solar heat gain test plan
document. This document was circulated to the PIER skylight testing advisory
committee earlier. The results from the solar heat gain testing study will be also
circulated to the advisory group this summer and will also be posted at the New
Buildings Institute website: http://www.newbuildings.org/pier.
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2

TEST SPECIMEN MATRIX

This project had selected eight types of skylights to identify the impact of glazing
geometry, materials and number of glazings on their solar heat gain and thermal
transmissivity. These skylights in order of their specimen number are:

1.

8.

Double clear low-e glass skylight mounted horizontally (similar to the skylights
tested at Lawrence Berkeley Laboratory).!

Double clear low-e glass skylight mounted on a collar that imparts a 20° tilt to
the skylight (similar to the skylights tested at Lawrence Berkeley Laboratory)

Single glazed medium white acrylic dome skylight — a very common type of
diffusing skylight.

Double glazed clear over white dome skylight — very common skylight used
over conditioned spaces; the extra layer of glazing reduces the thermal
transmittance of the skylight.

Double glazed prismatic acrylic skylight with glazing shaped into a compound
parabolic shape. Two companies in California are using this compound
parabolic (catenary arch) shape.

Pyramidal skylight with fiberglass insulating panel (trade names of Kalwall or
Skywall) glazing sections. Since we were testing the highest transmittance
panel, there is no fiberglass batt between the two outer layers of fiberglass
sheet glazing. The fiberglass sheet glazing is not pigmented (called crystal).

Pyramidal skylight with clear polycarbonate twinwall glazing. The twinwall
material provides greater thermal resistance than single glazings and has
greater stiffness than most single glazed plastics for situations where flat
glazings are desired.

Single glazed bronze acrylic pyramidal skylight.

The skylights and skylight/light well combinations, shown in Table 1, were
selected for the following reasons:

These same skylights and light well combinations were tested for their solar
heat gain coefficients in a solar calorimeter as part of this project

Similar configurations of glass skylights were tested by Lawrence Berkeley
Laboratory (LBL) in earlier research — this would provide a bridge between
these tests and the LBL tests for comparison purposes

Vertical tests and horizontal tests of skylights are compared to validate the
current NFRC practice of testing skylights vertically to model their horizontal
performance.

' J.H. Klems. “Solar Heat Gain through a Skylight in a Light Well,” ASHRAE Transactions Vol 108 Pt. 1

(2002) pp. 512-524.
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In tests 10, 11 and 20, a light diffuser, a clear

Table 1: Matrix of Skylight Test Specimens and Tests

The horizontal tests have light wells of varying heights (1 ft, 3 ft and 6 ft). The
sides of the light wells are either diffusely reflecting (white paint) or are specularly
continuous acrylic sheet with an embossed prismatic pattern, is placed at the

bottom of the light well.
This matrix also lists the test conditions for each test. The test conditions are

All the vertical tests are performed with the skylight attached to a small (nominal
described in Section 3.4.14 Test Conditions.

2” by 4”) curb which is in turn directly attached to the calorimeter. Thus the

INTEGRATED DESIGN OF COMMERCIAL CEILNGS DRAFT REPORT
vertical tests do not have a light well.

reflecting (reflective metal sheet).
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3 METHODOLOGY

3.1 Scope

This test method covers the laboratory measurement of heat transfer through a
skylight product and a skylight well assembly system under controlled air
temperature, air velocity, and thermal radiation conditions. This method is
typically designed for commercial skylight products and systems installed
horizontally or in an angle on the roof of commercial buildings that have a roof
plenum above the ceiling.

This test method is used for research purposes only. It is prepared for the
purpose of a heat transfer investigation in skylight products and skylight well
assembly systems on a contract agreement between the HESCHONG MAHONE
Group and ETC Laboratories, Inc.

3.2 Referenced Documents

3.2.1 ASTM Standards:

C 177 Test Method for Steady-State Heat Flux Measurements and Thermal
Transmission Properties by Means of the Guarded Hot Plate Apparatus

C 236 Test Method for Steady-State Thermal Performance of Building
Assemblies by Means of a Guarded Hot Box?

C 518 Test Method for Steady-State Thermal Heat Flux Measurements and
Transmission Properties by Means of the Heat Flow Meter Apparatus

C 870 Test Practice for Conditioning of Thermal Insulating Materials

C 976 Test Method for Thermal Performance of Building Assemblies by
Means of a Calibrated Hot Box

C 1045 Practice for Calculated Thermal Transmission Properties from
Steady-State Heat Flux Measurements

C1114 Test Method for Steady-State Thermal Transmission Properties by
Means of the Thin-Heater Apparatus

C 1199 Standard Test Method for Measuring the Steady State Thermal
Resistance of Fenestration Systems Using Hot Box Method

C 1363 Test Method for Thermal Performance of Building Assemblies by
Means of a Hot Box Apparatus

E 283 Test Method for Rate of Air Leakage Through Exterior Windows,
Curtain Walls, and Doors

E 631 Terminology of Building Constructions

E 783 Test Method for Field Measurement of Air Leakage Through Installed
Exterior Windows and Doors
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E 1423 Practice for Determining the Steady-State Thermal Transmittance of
Fenestration Systems

3.2.2 ISO Standards:

ISO 8990 Thermal Insulation-Determination of Steady- State Thermal
Transmission Properties-Calibrated and Guarded Hot Box

ISO/DIS 12567 Thermal Insulation-Determination of Thermal Resistance of
Components-Hot Box Method for Windows and Doors

3.2.3 Other Standards:

NFRC 100-97 Procedure for Determining Fenestration Product Thermal U-
factors

ASHRAE Fundamentals Handbook, 1997

3.3 Terminology
Refer to ASTM C 1199 and C 1363

3.4 Summary of Method

This test method is used to measure the thermal transmittance of skylight
products and skylight well assembly systems at horizontal or angled orientation.

3.41 Significance and Use

This test method is used for research purposes of skylight products and skylights
with light well assembly systems. The main difference between this test method
and normal fenestration thermal transmittance measurement as per ASTM C
1363 and C 1199 is the direction of the heat transfer through the test specimen.
For the purpose of simulating the actual skylight and skylight system in
commercial buildings, the test specimen in this test procedure is installed in a
horizontal and/or angled orientation in the test facility.

When this method is used for measuring skylight well assembly systems, specific
manufacturer’s instructions on light well installation shall be followed. The total
effective thermal transmittance of the skylight system is different with different
light well materials, insulation and installation techniques.

3.4.2 Apparatus

3.4.2.1 Introduction

The test apparatus design is similar to a Guarded/Calibrated Hot Box that is used
to measure the thermal transmittance of fenestration products installed in vertical
positions. When it is used for a skylight well assembly, the light well should be
surrounded by a conditioned plenum of which the air temperature is controlled.
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3.4.2.2 Apparatus Design

The major components of a vertical heat flow test chamber are (1) the metering
chamber on the bottom (usually on the ground and beneath the test specimen),
(2) the test specimen frame with or without plenum on top of the metering
chamber, (3) the weather chamber on top of the specimen, and (4) the
surrounding ambient space. These components must be designed and built as a
system to provide the controlled test conditions (such as air temperatures, air
velocity, and radiation conditions) for the test specimen. Depending on the test
specimen, the apparatus design on the specimen frame may differ. Only one
surround panel is used when a skylight product (without well) is tested. For a
skylight well assembly system, two surround panels are used to install the
skylight specimen and the skylight well. In between the surround panels
(alternatively called the ceiling frame and roof deck), a controlled plenum is
established.

The design of the apparatus without plenum is shown in Figure 1.

The design of the apparatus with plenum is shown in Figure 2. In between the
metering chamber on bottom and weather chamber on top, there is the test
specimen with a light well surrounded by a conditioned plenum.

Both designs require that the surrounding ambient be conditioned at metering
chamber temperature.

3.4.2.3 Apparatus Size—

No one size for the apparatus is considered to be standard. For research
purposes, a maximum 10-foot wide by 10-foot long by 13-foot high test apparatus
is recommended for a typical 4-foot long by 4-foot wide skylight with a 6-foot high
light well assembly system.

3.4.2.4 Construction Materials—

Materials used in the construction of the test facility require a high thermal
resistance. Polystyrene or other foam materials can be used since they combine
high thermal resistance, good mechanical properties and ease of fabrication. To
increase the physical strength of the chambers, facing materials such as
fiberglass or rigid plastic materials are recommended on the exterior surfaces.

3.4.3 Metering Chamber

The size of the metering chamber is dependent on the area of a representative
test specimen. The interior height (see Figure 1 and Figure 2) of the chamber
should not be greater than that required to accommodate its necessary
equipment. The metering chamber shall provide the control and measurement of
air temperatures and velocities. Electrical heaters, cooling coils, and an air
circulation system may be used to provide steady-state conditions to the test
specimen. The energy transfer through the specimen at steady-state conditions
equals the electrical power to the heaters and blowers minus the cooling energy
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extraction, corrected for the energy passing through the chamber walls and
flanking the specimen. Both wall energy flow and flanking energy flow are
determined from calibration measurements. To minimize the chamber wall heat
transfer, the temperature difference of the chamber air and surrounding ambient
shall be controlled as close to zero as possible. A thermopile shall be
implemented on the chamber walls to measure the accumulative wall
temperature difference.

To ensure uniform radiant heat transfer exposure of the specimen, all surfaces
that can exchange radiation with the specimen shall have a total hemispherical
emittance greater than 0.8.

3.44 Weather Chamber

The purpose of the weather chamber is to provide forced convection air flow over
the specimen surfaces and the control and measurement of the fixed conditions
such as air temperatures, air velocities on the side (top) of the specimen opposite
the metering chamber. Electrical heaters, blowers, refrigeration system, and an
air circulation system may be used. The chamber walls also shall be highly
insulated materials.

3.45 Control Plenum

A control plenum is needed only when measuring a skylight well assembly
system. The plenum shall be located between the skylight support frame (roof
frame) and the light well support frame (ceiling frame). It shall be made of highly
insulating materials and controlled at the same temperatures as the metering
chamber. The plenum space surrounded by plenum walls, ceiling frame, light
well walls, and the roof frame shall be controlled at the same temperature as the
metering chamber.

3.4.6 Skylight Well Construction

The light well is supported by the ceiling frame and shall be constructed in
accordance with the manufacturer’s instruction. Characteristic measurement of
light well material thermal conductivity shall be conducted in accordance with
ASTM 518 or C 177. The light well wall surfaces shall be implemented with a
thermopile to measure the accumulative temperature difference across the walls.

3.4.7 Specimen Frame

A specimen frame shall provide support to the test specimen and necessary
perimeter insulation. The thickness of the specimen frame shall not be less than
that of the metering chamber wall. Highly insulated material shall be used for the
frame. The frame materials shall also be measured in accordance with ASTM C
518 or C 177 to obtain their thermal conductivity values. A thermopile of surface
temperatures shall be measured under steady-state conditions.
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3.4.8 Ceiling Frame

Ceiling frame is used to support the light well and form the light well control
plenum. The requirements for specimen frames apply to the ceiling frame.

3.4.9 Air Circulation

An air circulation system shall be established in accordance with ASTM C 1363.
The uniformity of air curtain velocity should be verified. The actual air velocity
during the thermal testing shall be recorded.

3.410 Air Temperature Control

Air entering the air curtain shall be uniform in temperature across its width and it
shall not change more than +0.5°F during the steady-state measurement period.
Both heating and cooling in both metering and weather chambers should be
installed to provide winter and/or summer test conditions. The air temperature in
the light well plenum shall be controlled at room conditions. More detailed
methods on temperature control can be found in ASTM C 1363.

3.411 Temperature Measurement

All air and surface temperature measurements shall be made in accordance with
ASTM C 1363. If measuring a skylight well system, light well air temperature
shall be measured at different elevations. Also the light well wall surface
temperatures or temperature difference shall be measured. The number of air
and surface thermocouples shall be within £10% of N calculated using the
following equation:

3 0.94 (1)
0.07+0.08v/4
where
N: the number of thermocouples required;
A: temperature measurement area.

3.4.12 Instruments

All instruments used in the test facility shall conform with the requirements
outlined in ASTM C 1363.
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3.413 Test Specimen

Test specimen shall be representative of typical commercial applications. The
modification of specimen construction before and during specimen installation
shall be avoided.

The specimen size, mounting methods, thermocoupling and sealing shall follow
the requirements of ASTM C 1363.

3.4.14 Test Conditions

3.4.14.1 Winter and Summer Conditions for Horizontal Orientation

According to ASHRAE (American Society for Heating, Refrigerating and Air-
conditioning Engineers) winter and summer design conditions, the wind speed on
the weather side for winter and summer conditions are 15 mph (miles per hour)
and 7.5 mph, respectively. The velocity of both the metering room air and the
light well inside air should be maintained below 0.67 mph (0.3 m/s) to obtain
natural convection. The following tables show the standardized surface heat
transfer coefficients for different skylight configurations and conditions. Ty, is the
temperature of the light well inside air. The tolerance for actual CTS surface heat
transfer coefficients during calibration would be +5% on the metering (and/or light
well) side, £10% on the weather side.

Table 2 : Test conditions for skylight only in horizontal orientation

Test Metering Side Weather Side
Conditions Th (°F) hin st Tc(°F) Po,st
(Btu/h-ft>-F) (Btu/h-ft>-F)
Winter 70 1.63 0 5.66
Summer 75 1.08 95 2.11

Table 3 : Test conditions for skylight with light well system in horizontal
orientation

Test Metering / Light Well Side Weather Side
Condition | Tj Tw hih.st Te he st

s (°F) | (°F) (Btu/h-ft>-F) (°F) | (Btu/h-ft*F)
Winter 70 85 1.71 0 5.67
Summer 75 125 1.67 95 2.15
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3.4.14.2 Criteria of Stead-State Test Conditions

Determining steady-state involves two separate evaluations. First, a series of
four one-hour sets of data are compared to the group mean to determine if
steady state has been achieved. Second, two additional consecutive two-hour
test periods are individually compared to the average initial four-hour period and
each other to verify steady-state conditions are maintained. The following tests
are applied to both assessments.

The average room and weather side air temperatures and all other surface
temperatures shall not vary by more than + 0.25°C (+ 0.5°F) over the entire eight
(8) hour steady state period. (see ASTM 1363 requirements), nor vary in the
same direction for any two consecutive periods.

The total heat flow into or out of the metering box, Q (including Qmp, Qs, and
warm room heater and circulating fan power) shall be used to determine steady
state. The mean of the four one-hour steady state periods shall agree within +
1% of the mean of each of the two-hour test periods and each of the two (2) two-
hour test periods must be within + 1% of one another.

3.4.15 Calibrations

3.4.15.1 Metering Chamber Extraneous Heat Transfer:

Metering chamber extraneous heat transfer combines metering chamber wall
heat transfer and surround panel flanking heat transfer. Full surround panel shall
be used in this calibration. The calibration shall be conducted at the conditions
shown in Table 4. Nine calibration experiments shall be conducted.

Table 4 : Standard conditions for the calibration of extraneous heat transfer
QEXTR

HESCHONG MAHONE GROUP 15 October 20, 2003



INTEGRATED DESIGN OF COMMERCIAL CEILINGS DRAFT REPORT PrROJECT 5.3.2

Condition Unit Setting
Vi m/s (mph) <0.3 (0.67)
Ve m/s (mph) 6.67 (15)
W/(m?-K)
P [Btu/(h-ft*°F)] 7.7 (1.39)
W/(m?K)
hsre [Btu/(h-f%°F)] 29.0 (5.10)
th °C (°F) 21.1 (70.0)
tamb. °C (°F) 19.4 21.1(70.0) | 22.8(73.0)
(67.0)
-20.6 (- -20.6 (-5.0) | -20.6 (-5.0)
5.0)
tc °C (°F) -17.8 -17.8 (0.0) -17.8 (0.0)
(0.0)
-15.0 -15.0 (5.0) -15.0 (5.0)
(5.0)

3.4.15.2 Planar Calibration Transfer Standard

A planar Calibration Transfer Standard (CTS) should be used to calibrate the
specimen surface heat transfer coefficients and the fan or blower settings on
both metering and weather side. The construction and calibration procedure
shall follow ASTM C 1199 Section 5.

3.4.15.3 Non-planar Calibration Transfer Standard

A five sided CTS should be constructed for measuring curved, pyramid, dome or
other shaped skylight products. Each side shall be a planar CTS and four sided
CTS should be attached to the top CTS with each side at 135° to the top CTS
surface. The calibration procedure is the same as that for the planar CTS.

3.4.15.4 CTS without Skylight Well

For the CTS calibration without skylight well, only surround panel is used to
support the CTS. There is no light well plenum.

3.4.15.5 CTS with Skylight Well

The plenum should be controlled at the same conditions as the metering
chamber. Only natural convection is allowed inside the plenum. The light well
should be sealed together with the CTS to minimize any air leakage through any
interface.
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3.4.16 Conditioning

10.1. Pre-test conditioning on the test specimen shall be in ambient air at 75°F
with 50% relative humidity. For details, see ASTM Practice C 870 for guidance.

3.5 Test Procedure

3.5.1 Installation of Test Specimen:

The fenestration system to be tested should be installed in the surround panel
with a configuration that simulates the actual (manufacturer’'s recommended)
installation as closely as possible. That is, the complete assembly including all
frame elements should be in place during the test. The surround panel
requirements specified in ASTM C 1199 Section 5.1.2 and the sealing
requirements specified in ASTM C 1199 Section 5.1.5 (for the calibration transfer
standard) also apply to the test specimen. See 7.1 of Practice E 1423 for further
guidance on installation.

3.5.2 Stabilization and Test Times:

Establish, as per Section 10.9 of Test Method C 1363 and Section 3.4.14 above,
steady-state temperature and power conditions for which the test specimen is to
be tested and record measurements of power, temperatures, and velocity at the
specified test intervals.

3.5.3 Recorded Test Measurements:

3.5.3.1 Power Measurements

The energy balance to determine the total net heat transfer or average power
transferred through the test specimen during a measurement interval should
account for all metering box heating and cooling, power to fans or blowers, any
significant power to transducers, corrections for the metering box wall heat
transfer and surround panel and test frame flanking heat transfer, any other
extraneous heat flows, and corrections for the energy flow (enthalpy difference
times air leakage mass flow rate) associated with any air leakage entering and
leaving the metering chamber.

3.5.3.2 Temperature Measurements

a. Perform all measurements specified in Test Methods C 236, C 976, or C
1363. The temperature sensors used should be special limit (premium)
thermocouples (24 gage may be used; 30 gage or smaller are recommended
for the test specimen surface temperatures), or appropriate size thermistors
or RTD's (resistance temperature detectors).

b. Additional temperature measurements shall be made on the surround panel
wall (see Section 6.5.2 of ASTM C 236, Section 5.7 of ASTM C 976, or
Section 6.10.2 of ASTM C 1363).
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c. Specimen surface temperatures shall also be measured in accordance with
ASTM C 1199. It must be recognized that there is such a wide range of
fenestration system designs that it is not possible to specify the locations of
the temperature sensors to provide a correct area weighted determination of
the various surface temperatures for all configurations. See Practice E 1423
for additional guidance on the location of test specimen surface temperature
sensors for different fenestration systems. The temperature sensors used
should be special limit (premium) thermocouples 24 gage (0.02010 in.,
0.5106 mm), 30 gage (0.01003 in., 0.2546 mm) or smaller are recommended
for the surface temperatures), thermistors or resistance temperature detectors
(RTD's), and shall be placed so as to minimize the disturbance of the air flows
on the surfaces of the test specimen. For the complex skylight specimens
(such as domed, pyramid-shaped skylights), surface thermocouple locations
should represent all different edges, corners, joints and so forth. Computer
simulation results of temperature distributions obtained by Therm calculations
may be used as a reference.

d. Temperature measurements should also be made in the room side and
weather side air streams in the same quantity and spacing as the surface
temperature sensors (see Section 6.5.2 of Test Method C 236, Section 5.7 of
Test Method C 976, and Section 6.10.3.1 of Test Method C 1363). This will
allow for a more accurate measurement of the room side and weather side
surface heat transfer coefficients.

3.5.3.3 Radiation Effects

To minimize the effect of radiation-induced error on the temperature sensors, the
temperatures of all surfaces exchanging radiation heat transfer with the
fenestration system (test specimen or calibration transfer standard) shall be
measured. This includes: (1) metering side and weather side shields and baffles,
(2) air distribution system components, and (3) chamber walls and portions of the
surround panel that are in view of the test specimen. Any heating and cooling
devices must be shielded from the surround panel/fenestration system and the
surface temperature of the shield should be measured. The temperature sensors
must be applied to these surfaces with tape or adhesive that has an emissivity
similar to that of the surface. The air temperature sensors should either be
shielded or be as small as possible so that they are not significantly affected by
surfaces with which they are exchanging radiation (see Section 6.5.2 of Test
Method C 236, Section 5.7 of Test Method C 976, or Section 6.10.3.1 of Test
Method C 1363).

3.5.3.4 Wind Speed Measurements

The weather side wind speed shall be measured at a location that represents the
free stream condition. For both perpendicular and parallel flow patterns, it is
required that this location be a distance out in the air stream such that the wind
speed sensor is not in the test specimen surface boundary layers region. A
minimum distance of 75 mm (3 in.) out from the test specimen center point is
recommended. The hot box operator's experience and knowledge of the air
distribution system and hot box design should be drawn upon to determine the
proper location.
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Mapping the velocity fields on both the room and weather sides, by periodic
traversing of the air-flow field to determine the air velocity distribution, is
recommended. This should be done at every calibration interval to verify that a
uniform air flow is directed at or across the face of the test specimen.

On the room side, where natural convection conditions are desired, it is required
to mount a velocity sensor at a location that represents the average velocity so
that natural convection conditions can be verified and the room side average air
velocity can be measured during the test.

3.5.3.5 Glazing Deflection

Glazing deflection measurements shall be reported for each skylight test
specimen as specified in Practice E 1423.

3.6 Calculation

3.6.1 Summer Conditions for Skylight Test Specimen Only

Figure 3 shows the schematic of heat flows under summer conditions in the test
setup of skylight specimen only.

— | Skylight
95°F, h,
Qs
nm Qsp

V
<":|:| Qextr Q <::':|

Figure 3 : Schematic Heat Flow in the Test Apparatus for Skylight Only Under
Summer Conditions

— | Surround
Panel

The following shall be calculated for each test of skylight specimen without a
skylight well:

3.6.1.1 Heat Extraction, Q
The time rate of heat flow out of the metering chamber.

3.6.1.2 Surround Panel Heat Flow, Qsp,
Qsp = Csp "Asp *(tspz — tspi1) (2)
where:

Csp: thermal conductance of the surround panel measured using Test Methods C
177, C 518, or C 1114 (W/m?K),

Asp: projected area of the surround panel (m?),
tsps: average of metering side surround panel surface temperature (°C),
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tspo: average of weather side surround panel surface temperature (°C).

3.6.1.3 Metering Chamber Extraneous Heat Flow Qgextr

The extraneous heat transfer that does not flow directly though the test specimen
and the surround panel, as determined using the procedure specified in Section
3.4.15.1.

3.6.1.4 Test Specimen Heat Flow, Qs,

Qs= Q - Qsp - Qex7r (3)
3.6.1.5 Test Specimen Thermal Transmittance, Us,

Us = Os/[As (tc — th)] “4)
where:
As: projected area of the test specimen (m?),
tn: average of metering chamber air temperature (°C),
.. average of weather chamber air temperature (°C).

3.6.2 Winter Conditions for Skylight Test Specimen Only

Figure 4 shows the schematic of heat flows under winter conditions in the test
setup of skylight specimen only.

— | Skylight
0°F. h.
Qs
A\ Qg

— | Surround
Panel

<:|:| Qextr Qv <::':|

Figure 4 : Schematic Heat Flow in the Test Apparatus

The following shall be calculated for each test of skylight specimen without a
skylight well:

3.6.2.1 Total Heat Input, Q\y

The time rate of heat flow into the metering chamber.

3.6.2.2 Surround Panel Heat Flow, Qsp,
Qsp = Csp "Asp *(tspr — tspa) ()
where:

Csp: thermal conductance of the surround panel measured using Test Methods C
177, C 518, or C 1114 (W/m?K),
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Asp: projected area of the surround panel (m?),
tsps: average of metering side surround panel surface temperature (°C),
tspo: average of weather side surround panel surface temperature (°C).

3.6.2.3 Metering Chamber Extraneous Heat Flow Qgextr

The extraneous heat transfer that does not flow directly though the test specimen
and the surround panel, as determined using the procedure specified in Section
3.4.15.1.

3.6.2.4 Test Specimen Heat Flow, Qs,

Qs= Qi - Qsp - QexTr (6)
3.6.2.5 Test Specimen Thermal Transmittance, Us,

Us = Os/[As (th — t)] (7)
where:
As: projected area of the test specimen (m?),
tn: average of metering chamber air temperature (°C),
.. average of weather chamber air temperature (°C).

3.6.3 Summer Conditions for Skylight Well Assembly System

Figure 5 shows the schematic of heat flows under summer conditions in the test
setup of skylight well assembly.

Skylight

95°F. h.

Surround Panel

Skylight Well

Skylight Well _N
Thermal 5 Light Well

Stratum 6 L__T___ Plenum
Il S |
u — | Ceiling

QCF QWR 750F, hh Frame

<:|:| QexTr Q :|:>

Figure 5 : Schematic Heat Flow in the Test Apparatus for Skylights Well Systems
Under Summer Conditions

The following shall be calculated for each test of skylight well system:

3.6.3.1 Extraction Heat Flow, Q
The time rate of heat extracted from the metering chamber.
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3.6.3.2 Ceiling Frame Heat Flow, Qcr,
Qcr = Ccr "Acr “(tcr2 — tcrr) (8)
where:

Ccr: thermal conductance of the ce|||ng frame measured using Test Methods C
177, C 518, or C 1114 (W/m*K),

Acr: projected area of the ceiling frame (m?),
tcrr: average of metering side ceiling frame surface temperature (°C),
tcro: average of plenum side ceiling frame surface temperature (°C).

3.6.3.3 Metering Chamber Extraneous Heat Flow Qgxtr

The extraneous heat transfer that does not flow directly though the test specimen
and the surround panel, as determined using the procedure specified in Section
3.4.15.1.

3.6.3.4 Skylight Well Bottom Heat Flow, Qus

Heat flow through the skylight well bottom diffuser or the imaginary horizontal
surface that closes the skylight well if there is no diffuser at the well bottom. It is
calculated as:

Quws = (Q - Qcr) + Qextr 9)

3.6.3.5 Surround Panel Heat Flow, Qsp
Calculated using Equation (5) in Section 3.6.1.2.

3.6.3.6 Skylight Well Top Heat Flow, Qi
The time rate of heat input into the heater on top of the skylight well.

3.6.3.7 Skylight Well Heat Flow, Qww
The heat flow through the skylight well side walls. It is calculated as:
Quww = Coww -Aww (twwi — twwe) (10)
where:

Cww: thermal conductance of the skylight weII walls measured using Test
Methods C 177, C 518, or C 1114 (W/m?K),

Aww:total projected area of the skylight well walls (m?),
twwi: average of interior well wall surface temperature (°C),
twwe:average of exterior well wall surface (facing the plenum) temperature (°C).

3.6.3.8 Test Specimen Heat Flow, Qs,
Qs= Qv - Qsp - Quw - Qua (11)

3.6.3.9 Test Specimen Thermal Transmittance, Us,
Us = QS/[As'(tc—fw)] (12)
where:
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As: projected area of the test specimen (m?),
tw: average of the top interior light well air temperature (°C),
.. average of weather chamber air temperature (°C).

3.6.4 Winter Conditions for Skylight Well Assembly System

Figure 6 shows the schematic of heat flows under winter conditions in the test
setup of skylight well assembly.

Skylight

0°F. h.

Surround Panel

Skylight Well

Skylight Well —N
Thermal 5 Light Well

Stratum 6 L__TN___ Plenum
[l S
{L —— | Ceiling

Qcr Qwr  70°F, hy, Frame

<":|:| QexTr Q |:|:>

Figure 6: Schematic Heat Flow in the Test Apparatus for Skylight Well Systems
Under Winter Conditions

The following shall be calculated for each test of skylight well system:

3.6.4.1 Extraction Heat Flow, Q
The time rate of heat extracted from the metering chamber.

3.6.4.2 Ceiling Frame Heat Flow, Qce
Calculated using Equation (8) in Section 3.6.3.2.

3.6.4.3 Metering Chamber Extraneous Heat Flow Qgxtr

The extraneous heat transfer that does not flow directly though the test specimen
and the surround panel, as determined using the procedure specified in Section
3.4.15.1.

3.6.4.4 Skylight Well Bottom Heat Flow, Qus
Calculated using Equation (9) in Section 3.6.3.4.

3.6.4.5 Surround Panel Heat Flow, Qsp
Calculated using Equation (5) in Section 3.6.2.2.

3.6.4.6 Skylight Well Top Heat Flow, Qi
The time rate of heat input into the heater on top of the skylight well.
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3.6.4.7 Skylight Well Heat Flow, Qww
Calculated using Equation (10) in Section 3.6.3.7.

3.6.4.8 Test Specimen Heat Flow, Qs
Calculated using Equation (11) in Section 3.6.3.8.

3.6.4.9 Test Specimen Thermal Transmittance, Us
Calculated using Equation (12) in Section 3.6.3.9.

3.7 Test Report

The test report will provide all of the information specified in Test Method C 1363,
Section 12. The test specimen size, design drawing(s), and a detailed
description of all the test specimen components (that is, frame, glazing, hardware
weather-stripping, etc.) also shall be reported. Any nonstandard test specimen
size and non- standard test conditions used shall be explained. The following
values will be reported:

3.71.

The time rate of heat flow through the total surround panel/test

specimen, Q.

3.7.2.
3.7.3.

3.7.4.
3.7.5.

3.7.6.

3.7.7.

3.7.8.

3.7.9.

The surround panel calculated time rate of heat flow, Qsp.

The time rate of metering chamber extraneous heat flow for the
surround panel, Qextr.

The net test specimen heat flow rate, Qs.

The heat flow through the skylight well wall if a skylight well system is
measured, Quw.

The heat flow through the ceiling frame if a skylight well system is
measured, Qcr.

The heat flow through the skylight well bottom diffuser or the imaginary
bottom horizontal surface if a skylight well system is measured, QWB.

The power input into the heater in the top of the skylight well inside
space if a skylight well system is measured, Q.

The test specimen room side and weather side heat transfer surface
areas, Ap and A..

3.7.10. The average ambient air temperature, tAMB.
3.7.11. The plenum average air temperature if a skylight well system is

measured, tp.

3.7.12. The skylight well interior air temperatures at different elevations if a

skylight well system is measured, tW,i, where i is 1,2, ..., M (M is the
total number of rows of well wall surface thermocouples).

3.7.13. The well air thermocouples should be located at the same rows as

well wall surface thermocouples. The air thermocouple junctions
should be perpendicular to the wall and 3-inch away from the wall
surface toward the center of the well space.
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3.7.14. The weather side and room side average baffle temperatures, tb1,
and tb2.

3.7.15. The weather side and plenum side average surround panel surface
temperatures, tSP1, and tSP2.

3.7.16. The skylight well side and plenum side average well wall surface
temperatures if a skylight well system is measured, tWWi, and tWWe.

3.7.17. The metering room side and plenum side average ceiling frame
surface temperatures if a skylight well system is measured, tCF1, and
tCF2.

3.7.18. The surround panel projected area, ASP.

3.7.19. The ceiling frame projected area if a skylight well system is measured,
ACF.

3.7.20. The skylight well wall projected area if a skylight well system is
measured, AWW.

3.7.21. The room side and weather side baffle areas, Ab1 and Ab2.
3.7.22. The measured thermal transmittance of the test specimen, Us.

3.7.1.1 Keywords

+ vertical heat transfer,
+ skylight,

+ skylight well,

+ thermal transmittance,
+ U-factor,

+ steady-state,

+ testing,

¢ measurement,

* chamber,

¢ plenum,

+ fenestration.
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